Ion transport behaviour of halogen-free hybrid electrolytes for lithium-ion batteries based on phosphonium bis(salicylato)borate [P 4,4,4,8 ][BScB] ionic liquid mixed with diethylene glycol dibutyl ether (DEGDBE) is investigated. The Li[BScB] salt is dissolved at different concentrations in the range from 0.15 mol kg −1 to 1.0 mol kg −1 in a mixture of [P 4,4,4,8 ][BScB] and DEGDBE in 1:5 molar ratio. The ion transport properties of the resulting electrolytes are investigated using viscosity, electrical impedance spectroscopy and pulsed-Field Gradient (PFG) NMR. The apparent transfer numbers of ions are calculated from the diffusion coefficients measured by using PFG NMR. PFG NMR data suggested ion association upon addition of Li salt to the [P 4,4,4,8 ][BScB] in DEGDBE solution. This is further confirmed by liquid state 7 Li and 11 B NMR, and FTIR spectroscopic techniques, which suggest strong interactions between the lithium cation and oxygen atoms of the [BScB] − anion in the hybrid electrolytes. Published: xx xx xxxx OPEN www.nature.com/scientificreports/ 2 ScIentIfIc REPORTS | 7: 16340 |
The continuous emission of CO 2 into the atmosphere is thought to have catastrophic and irreversible effects on our planet such as rising of sea levels, acidification of oceans, polar melts, droughts, flood and global warning 1 . In this context, efficient electrical energy storage devices are highly desired in order to keep control on CO 2 emissions into the atmosphere. This is one of the main reasons for the growing interest in electrical energy storage devices for transportation technologies. In this context, lithium-ion batteries are attracting attentions of researchers due to their high energy density, acceptable cycle life, no memory effect and low self-discharging 2 . An electrolyte is a key component of lithium-ion batteries acting as an ionic conductor and electronic insulator. A desirable electrolyte should have the following properties 3 : (1) wide electrochemical window; (2) high ionic conductivity;
(3) high chemical and thermal stability; (4) chemical intertness to other components of the cell such as electrodes, separator and the cell packing materials; (5) safe, non-toxic, economical and recyclable.
Extensive research efforts are being made to identify electrolytes that can perfectly meet the requirements of lithium-ion batteries. Despite the continuous research efforts, development of safe and efficient electrolytes remains a challenge. Ionic liquids (ILs) possess a combination of physicochemical properties such as high ionic conductivity, high chemical and electrochemical stability, non-flammability, non-volatility, high thermal stability, and wide liquid range 4, 5 . ILs are salts composed of cations and anions that are liquids at or below 100 °C 6 . ILs are mixed with an appropriate lithium salt to make electrolyte for lithium-ion batteries. The unusual properties of IL electrolytes make them attractive alternatives compared to the conventional organic electrolytes. However, there are a number of drawbacks of IL electrolytes. For example, the high viscosity and cost of ILs need to be reduced in order to replace organic electrolytes with IL electrolytes in lithium-ion batteries 7 . Mixing ILs with organic solvents is one of the best options to not only reduce the high viscosity and cost of ILs but also improve the transport and electrochemical properties of electrolytes [8] [9] [10] . In addition, the conventional ionic liquid electrolytes contain anions with halogen atoms such as BF 4 − , PF 6 − , etc. Such anions are prone to hydrolysis in moisture conditions
Experimental Section
Materials. Ionic liquid [P 4, 4, 4, 8 ] [BScB] and Li[BScB] salt were synthesized as described in our previous publication 36 . The structure and purity of the products were confirmed by using 1 H, 13 C, 31 Fig. 1 . The water content of the electrolytes was determined by Karl Fischer titration using 917 coulometer (Metrohm). The reported values are average of three independent measurements with standard deviation (SD). The water content of neat DEGDBE and [P 4, 4, 4, 8 ] [BScB] IL were found to be 0.044 ± 0.001% and 0.039 ± 0.002%, respectively Table 1 . The composition and water content of the hybrid electrolytes are shown in Table 1 .
NMR Spectroscopy. The lithium salt and ionic liquid were characterized using Bruker Ascend Aeon WB 400 (Bruker BioSpin AG, Fällanden, Switzerland) NMR spectrometer. NMR spectra of the electrolytes were recorded with CDCl 3 solvent as an external lock. The working frequency was 100.63 MHz for 13 7 Li. Data were processed using Bruker Topspin 3.5 software. NMR Diffusometry. NMR diffusion measurements were carried out on a Bruker Avance III (Bruker BioSpin AG, Fällanden, Switzerland) NMR spectrometer using PFG NMR probe Diff50 (Bruker) with a maximum amplitude of the magnetic field gradient pulse of 30 T m −1 . The working frequencies for 1 H and 7 Li were 400.27 MHz and 155.56 MHz, respectively. For each NMR experiment, the sample was placed in a 5 mm glass tube and closed with a plastic stopper to avoid contact with air. The sample was equilibrated at a specific temperature for at least 30 min prior to measurements.
The detailed description of PFG NMR technique for measurement of molecular diffusion coefficients is reported earlier 38 . The primary information for the diffusion can be obtained from the diffusion decay (DD) of the NMR stimulated echo amplitude A. Diffusion decay of A for the stimulated echo pulse sequence in the case of simple non-associating molecular liquid can be described by the following equation 39 :
where A(0) is a factor proportional to the proton content in the system and is dependent on the spin-lattice and spin-spin relaxation times, γ is the gyromagnetic ratio for a specific nucleus; g and δ are the amplitude and duration of the gradient pulse; t d is a diffusion time; and D is the self-diffusion coefficient. In our experiments, t d was in the range 4-100 ms for 1 H diffusion, while t d was in the range 200-700 ms for 7 Li diffusion.
Ionic Conductivity. The measurements of ionic conductivity of the electrolytes were carried out using Metrohm Autolab PGSTAT302N electrochemical workstation with FRA32M module for impedance measurements. A frequency range from 1 Hz to 1 MHz with an AC voltage amplitude of 50 mV rms was used for the measurements. About 70 μL of the electrolyte sample was placed in a TSC70 closed cell (70 μL solvent) from RHD instruments. The experiments were performed in temperature range from −20 °C to 100 °C within an uncetainity of ± 0.1 °C. A two-electrode setup was used: the Pt-wire with a diameter of 0.25 mm as a working electrode and a 70 μL platinum crucible as a sample container and a counter electrode. Prior to each measurement, both the electrodes were polished with a Kemet diamond paste 0.25 μm. The cell constant (Kcell = 17.511 cm −1 ) was used for each experiment. The TSC70 closed cell was thermally equilibrated for at least 20 min before performing each experiment.
Cyclic Voltammetry. Cyclic voltammetry (CV) experiments were performed using Autolab potentiostat PGSTAT302N (Metrohm) in a closed sample container in air. About 70 μL of the electrolyte was placed in a sealed RHD instruments Microcell HC. Experiments were carried out at 20 °C temperature using 0.1 M tetrabutylammonium hexafluorophosphate as a supporting electrolyte. A three electrode setup was used: Pt crucible worked as a counter electrode, glass sealed Pt wire acted as a working electrode and Ag/AgCl electrode was used as a reference electrode, to perform the experiments. Both the counter and working electrodes were polished with a Kemet diamond paste 0.25 μm prior to each measurement. All the CVs were recorded with a scan speed of 100 mV s −1 . The potential of reference electrode was determined using ferrocene as an internal standard. The CV measurements are reported versus Li/Li + redox couple reference potential (−3,04 V vs SHE). The values of potential against Li/Li + were placed on reference scale by evaluating the formal potential of ferrocene (0.532 V vs SHE, 3.572 V vs Li/Li + ). Infrared Spectroscopy. Fourier Transform Infrared (FTIR) spectra were recorded by applying a thin film of electrolyte on the KBr pellet using Bruker IFS 80 v vacuum fourier transform infrared spectrometer equipped with a deuterated triglycine sulphate (DTGS) detector. The experiments were carried out at room temperature (~22 °C) using the double side forward-backward acquisition mode. The total number of scans were 256 and signal-averaged at an optical resolution of 4 cm −1 .
Results and Discussion
The 36 .It is clearly seen that viscosity increases with increase in the concentration of lithium salt and decreases rapidly with increase in temperature. As it is observed earlier for other hybrid electrolytes, the viscosity values of [P 4, 4, 4, 8 ] [BScB] IL based hybrid electrolytes follow Vogel-Fulcher-Tammann (VFT) behaviour as well 40 .
where η ⁎ 0 , B, and T 0 are the fitting parameters: pre-exponential factor, a factor related to the activation energy and the ideal glass transition temperature, respectively. T 0 indicates a temperature at which free volume and mobility is reduced to zero 41 . The fitting procedure was performed in two steps, as previously reported 37 . In the first step, ln(η) was plotted against 1/(T-T 0 ) and selected T 0 to have this dependence linear. The uncertainity is this step was ± 10 K. In the second step, the dependence was fitted by a linear regression to obtain the fitting parameters (η ⁎ 0 , B). Activation energy for viscosity is related with B as E η = B·R, where R is a gas constant. The VFT equation parameters and activation energies for viscosity data are tabulated in Table 2 .
The ionic conductivity of the hybrid electrolyte with various concentration of Li[BScB] salt is shown in Fig. 3 Table 2 . the increase in the concentration of Li salt and it increases with increase in temperature for all the electrolytes studied. The addition of Li[BScB] salt causes an increase in viscosity and decrease in ionic conductivity of the electrolytes due to stronger coulombic interactions between the smaller lithium ions and the [BScB] − anions as compared with the interactions between the larger phosphonium cations and the [BScB] − anions 42, 43 . The VFT equation is for ionic conductivity is 40 : (Fig. 4a) , DEGDBE (Fig. 4b ) and Li + (Fig. 5) 
where D 0 * is a parameter that is independent of temperature, E D is the apparent molar activation energy of diffusion. Fitting parameters for diffusion of [P 4,4,4,8 ] + , [BScB] − and DEGDBE are presented in Table 4 . Arrhenius function shows a linear dependence in Arrhenius coordinates. However, this is not the case for the diffusion of Li + ions (Fig. 5 ). The universal form of temperature dependences of diffusion coefficients is the VFT equation in a form for diffusivity, which is equivalent to the Arrhenius dependence in the high-temperature limit 40,43 : Table 4 . The parameters of Arrhenius equation (4) and VFT equation (5), and activation energy for diffusion data for ionic liquid based hybrid electrolytes (Figs 4 and 5) . ( Fig. 3 ) with the addition of lithium salts can be also explained by the increase in sizes of the diffusing entities in the hybrid electrolyte.
The apparent transference numbers of the ions were calculated from the self-diffusion coefficients using the following equation, as reported previously in a number of publications 44, 45 .
where t i is the apparent transference number, x i is the molar fraction of an ion and D i is the self-diffusion coefficient of an ion in m 2 s −1 . 4, 4, 4, 8 ] + cation and [BScB] − anion are much larger than the typical ionic liquids comprising smaller cations such imidazolium and pyrrolidinium, and halogenated anions such as BF 4 , PF 6 and NTf 2 . The slower diffusivity is due to their large sizes and since lithium atom is strongly interacting with the anion, the mobility of lithium is affected as well. Third, it is known that PFG NMR method underestimates the diffusion coefficients of charged species. For example, Martins et al. have compared the calculated transference numbers of lithium ion in ILs using NMR diffusometry and electrochemical methods. It was found that the values calculated from electrochemical method were 2-3 fold larger as compared with the values determined from NMR diffusometry 46 . NMR diffusometry takes into account all the species and aggregates, which might be larger than the small charged Li + cation and thus, underestimates the diffusion coefficients of the charged species.
In order to get deeper insights into the local environment, we performed 7 Li, 11 B, 31 P and 13 C NMR measurements of the electrolytes using CDCl 3 as an external lock. As expected, significant changes in the chemical shifts of 7 Li and 11 B NMR spectra as a function of lithium salt concentration are observed (Figs 7 and 8 ). We did not observe any significant changes in the chemical shifts of the peaks for [P 4, 4, 4, 8 ] + cation in 31 P and 13 C NMR spectra recorded under the same experimental conditions (see ESI). However, 7 Li NMR peaks shift towards lower ppm values with increasing Li salt concentration in the electrolyte. This significant change in chemical shift suggests that the chemical environment of Li + ions is changing with increasing concentration of Li salt in the electrolyte. It reveals that the Li + ions are more shielded upon addition of Li salt due to the stronger interactions between Li + ions and [BScB] − anions. This is in agreement with the earlier findings by Yoon, et al. in electrolytes based on LiFSI dissolved in C 3 mpyrFSI ionic liquid; they have found that 7 Li NMR spectra shift toward more negative values with increasing concentration of Li salt in the ionic liquid 47 . It is interesting to note that we observed similar changes towards lower ppm values in the 11 B NMR spectra with increasing Li salt concentration as well (Fig. 8) . This further confirms that addition of Li salt lead to stronger interactions between Li + ions and [BScB] − anions, which have shielded both lithium and boron nuclei.
A graphical representation of the changes in chemical shift and full width at maximum height (fwhm) as a function of Li salt concentration is shown in Fig. 9 . A continuous shift towards lower ppm values is observed in the chemical shift of 7 Li and 11 B NMR spectra with addition of Li salt until it reaches the saturation point at 1.0 mol kg −1 concentration. Generally, the line width NMR peak increases with increasing Li salt concentrations and line width decreases with increasing temperature. Interestingly, we observed the opposite in the case of both 7 Li and 11 B NMR spectra of bis(salicylato)borate ionic liquid based hybrid electrolytes. The fwhm of 11 23 Na NMR spectra with increase in concentration of Na salt and increase with increase in temperature 48 . They have suggested that the signal shape is heavily affected by the quadrupolar interactions. In our case, both 7 Figure 10 shows selected regions of the FTIR spectra in the frequency range from 1770 cm −1 to 1530 cm −1 (Fig. 10a ) and from 1410 cm −1 to 1200 cm −1 (Fig. 10b ). The vibrations around 1700 cm −1 are assigned to C=O stretching and around 1610 cm −1 to the aromatic ring vibrations of [BScB] − anion (Fig. 10a ). As expected, the C=O band is shifted towards lower wavenumber values and peak broadening occurs upon addition of Li salt. This shift and broadening indicate the Li + ion coordination with [BScB] − anion. However, there is no change in the aromatic ring vibrations of [BScB] − anion around 1610 cm −1 with increasing lithium salt concentration.
The band around 1320 cm −1 is attributed to the B-O stretching of [BScB] − anion. Interestingly, this peak is also getting broader and shifted towards higher wavenumber when Li salt is added to the electrolyte. The peak broadness and shift reveal stronger interactions between the Li + cations with the [BScB] − via oxygen atoms in the anion. The FTIR data suggest that there are higher levels of ion pairing, which might lead to formation of aggregates at higher concentration of lithium salt in the electrolytes. This FTIR data support the findings of NMR spectroscopy.
The combined FTIR and NMR measurements suggested strong interactions between Li + cations and [BScB] − anions in ionic liquids based hybrid electrolytes. Recently, we have reported that the aromatic [BScB] − anion may be coordinated through the delocalized electrons, one oxygen atom or two, and/or may be coordinated to a single Li + cation or more 37 . Such interactions lead to ionic clustering at higher concentrations of Li salt in the ionic liquid. Forsyth et al. have previously observed similar ionic clustering at higher concentration of NaFSI salt in C 3 mPyr ionic liquid 50 . This work has demonstrated that ionic clustering occurs not only in neat ionic liquid based electrolytes but also in ionic liquid based hybrid electrolytes in the presence of organic solvent. Figure 11 presents the cyclic voltammograms of [P 4, 4, 4, 8 ] [BScB] IL based hybrid electrolytes at 20 °C temperature. It could evidently be seen that the concentration of Li salt has a remarkable effect on the observed electrochemical behavior of the electrolyte. Generally, the cathodic and anodic limits of the electrolytes are being set by the reduction of cation and oxidation of anion, respectively. The upper anodic limit for all electrolyte reaches ~6.0 V vs Li and this is the oxidation stability limit of [BScB] − anion. The charge delocalization and π conjugated system in [BScB] − anionic structure might be the reason of high oxidation potential of the electrolyte. The major variation in the stability of electrolyte is observed at cathodic reduction potential. It has been observed that the 
Conclusions
The ion transport behaviour of halogen-free hybrid electrolytes based on [P 4, 4, 4, 8 ] [BScB] IL mixed with DEGDBE in a 1:5 molar ratio was thoroughly investigated. A maximum solubility of Li[BScB] salt in a mixture [P 4,4,4,8 ] [BScB] and DEGDBE was 1.0 mol kg −1 at room temperature. The viscosity of the mixture was >1000 times lower as compared with the neat [P 4, 4, 4, 8 ] [BScB] ionic liquid. However, no significant changes are observed in the ionic conductivity of the mixture as compared the neat [P 4, 4, 4, 8 ] [BScB] ionic liquid. As expected, an increase in the ionic conductivity is observed with increase in temperature and a decrease is found with the addition of Li[BScB] salt to the mixture [P 4, 4, 4, 8 ] [BScB] and DEGDBE. The PFG NMR data suggested that the ionic mobility is increasing at increase in temperature and decrease with increasing Li[BScB] concentrations. PFG NMR, liquid state 7 Li and 11 B NMR and FTIR spectroscopic techniques suggested strong interactions between the lithium cation and the [BScB] − anion, which lead to ion association in the electrolytes. This ion association with addition of Li[BScB] salt to the mixture [P 4, 4, 4, 8 ] [BScB] and DEGDBE decreases the mobility of ions as well as the solvent molecules. 
